The search for sustainable and practical synthetic methodology with high levels of technical efficiency is a highly topical subject that would contribute to developing recycling economy and saving resources. Green synthetic science has been firmly established and has provided essential design criteria for the development of a sustainable approach to high added value molecules and drug discovery, and the further development of sustainable manufacturing processes of medicines with new optimality principles for economic efficiency. In this study, a green atom economical aza-Friedel-Crafts reaction catalyzed by phosphoric acid immobilized in glycerol has been developed. This protocol provides a sustainable approach for the preparation of pyrrolyl and trifluoromethyl dihydrobenzoxazinones in excellent yields with remarkable features, such as bio-renewable glycerol as a cheap, safe and green solvent, easy product separation and catalytic system recycling under mild conditions. Furthermore, the preliminary biological activity of these products was evaluated in glioma (C6) and melanoma (B16BL6) tumor cell lines by using adriamycin as a positive control with the thiazoyl blue tetrazolium bromide (MTT) assay. The result suggests that product 5n shows promising cancer growth inhibition of glioma and melanoma, and is a promising lead compound for further investigation as anti-glioma and anti-melanoma agents.
Introduction
The concept of atom economy as a green criterion was introduced by Barry M. Trost of Stanford University (USA) in 1991, for which he received the Presidential Green Chemistry Challenge Award in 1998 [1] . It is an efficient method of expressing how efficiently a particular reaction makes use of the reactant atoms. Atom economy is a simple yet useful tool to guide reaction selection, and one of 12 principles of green and sustainable synthesis [2] . Thus, an efficient strategy towards a sustainable synthesis approach is to achieve the high incorporation of the starting materials into the final product, which guarantees a minimal formation of waste by-products. The aza-Friedel-Crafts reaction [3] [4] [5] has superior 100% atom economy, and represent an elementary example in this regard. The aza-Friedel-Crafts reaction catalyzed by Brønsted acid or Lewis acid is an important reaction for new carbon-carbon bond formation to construct a variety of nitrogen-containing aromatic compounds. After over a century of development, it still attracts much research interest in both academia and industry.
Since sustainability, by definition, is a multivariable optimization exercise, the key challenge in synthetic science is to select the few metrics that would drive the right reactivity toward more sustainable, greener practical methodologies. Solvents are perhaps the most active area of research in green synthetic science, not only because they make up by far the greatest proportion of waste, but also make up a significant part of the hazard issues and energy intensity of a reaction process [6] . Additionally, the choice of reaction medium is often critical in synthetic reaction, as it may influence the course of a reaction, its rate, and selectivity to a remarkable extent. The development of a new generation of greener solvent is a primary concern due to the ultimate goal of solving these environmental problems. In this sense, biomass-derived solvents are emerging as very promising alternatives, such as 2-methyl-THF and glycerol. In particularly, glycerol is drawing increasing interest of the scientific community as a promising cheap and environmentally friendly sustainable reaction medium [7] [8] [9] [10] [11] . Indeed, bio-renewable glycerol is highly hydrophilic, safe, non-toxic, non-flammable, low volatile, cheap (0.5$ Kg −1 ), and available on a large scale from biomass (hydrolysis of vegetable oils, production of glycerol = 2.0 Mt in 2016). In additional, glycerol is recyclable, biodegradable, and compatible with most of the organic and inorganic compounds, and it also does not require special handling or storage with high boiling point. Hence, glycerol fully exhibits its promise as a sustainable solvent for green organic reactions with new optimality principles for economic efficiency.
On the other hand, the crucial points in realizing a catalytic green synthetic process involve the following: (i) atom economy should be maximized; (ii) process with energy efficiency, especially synthetic methods should be conducted at ambient temperature; (iii) reactions should proceed in high yields with selective and specific processes; (iv) the isolation of the resulting products should be straightforward, and; (v) the catalyst immobilized in green solvent system should be recycled. Such a catalytic green synthetic process would be a sustainable approach with high levels of technical efficiency. Currently, the search for sustainable and practical organic synthesis methodology is a highly topical subject which would contribute to develop recycling economy and save resources [12] [13] [14] [15] .
In this paper, we report a highly efficient and green aza-Friedel-Crafts reaction catalyzed by cheap phosphoric acid immobilized in bio-renewable glycerol for the synthesis of pyrrolyl and trifluoromethyl dihydrobenzoxazinones, as well as their biological evaluations. The following features of this practical methodology are remarkable: (i) this is the first example of an aza-Friedel-Crafts reaction performed in sustainable glycerol; (ii) the reactions proceed at room temperature under air atmosphere and metal-free conditions; (iii) 100% atom economy, easy product separation and catalyst recycling; (iv) some products exhibit impressive antitumor activity.
Materials and Methods

General Information
All the reagents used were of analytical grade without further purification. 1 H NMR (Nuclear Magnetic Resonance), and 13 C NMR spectra were measured at 400, 100 MHz spectrometer, respectively. The shifts were reported relative to internal standard Tetramethylsilane (TMS, 0) in CDCl 3 . Data are reported as: multiplicity (s = singlet, d = doublet, t = triplet, q = quartet, m = multiplet), coupling constant in hertz (Hz) and signal area integration in natural numbers. High Resolution Mass Spectrometer (HRMS) were obtained using EI ionization. Benzoxazinone derivatives and 2-arylpyrroles were obtained following the literatures [16, 17] .
General Sustainable Procedure for Environmentally Friendly and Atom Economical Synthesis of Dihydrobenzoxazinones
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To a solution of cheap catalyst 3 (phosphoric acid 85%, 0.1 mmol) in sustainable biomass-derived solvent 4 (glycerol, 4 mL) was added benzoxazinone 1 (2 mmol) and pyrrole 2 (2 mmol). The resulting mixture was stirred at room temperature under air atmosphere for 24 h (complete consumption of starting materials was observed by Thin Layer chromatography (TLC)). The reaction mixture was extracted with a biomass-derived solvent (2-methyltetrahydrofuran, 3 × 4 mL) and the retained glycerol phase with phosphoric acid was reused. The organic solvent
To a solution of cheap catalyst 3 (phosphoric acid 85%, 0.1 mmol) in sustainable biomass-derived solvent 4 (glycerol, 4 mL) was added benzoxazinone 1 (2 mmol) and pyrrole 2 (2 mmol). The resulting mixture was stirred at room temperature under air atmosphere for 24 h (complete consumption of starting materials was observed by Thin Layer chromatography (TLC)). The reaction mixture was extracted with a biomass-derived solvent (2-methyltetrahydrofuran, 3 × 4 mL) and the retained glycerol phase with phosphoric acid was reused. The organic solvent (2-methyltetrahydrofuran) was recovered by distillation to give the solid residue. The resulting solid was washed with cold water (5 mL), filtered, and dried under vacuum to give the crude product 3 which is reasonably pure (>95% purity by 1 H NMR). However, silica gel column chromatography (petroleum ether/ethyl acetate = 10:1) provided the analytically pure isolated product. To the retained glycerol layer, the substrates were again added, and the mixture was stirred under the same conditions for the required time. This procedure was repeated up to 10 consecutive times. Characterization data of products is listed below: 
3-(5-(4-Chlorophenyl)-1H-pyrrol-2-yl)-3-(trifluoromethyl)-3,4-dihydro-2H-benzo
Method for Biological Activity Study
The sodium MMT was purified at Ningcheng, Inner Mongolia, China. Metronidazole (MTZ). Cell Culture: All cell lines used in this study were purchased from ATCC. Rat glioma cell line C6 was cultured in Dulbecco's Modified Eagle's Medium (DMEM), supplemented with 10% fetal bovine serum (FBS). Murine melanoma cell line B16BL6 was cultures in RPMI 1640 culture medium supplemented with 10% fetal bovine serum (FBS). Cells were cultured at 37 • C in humidified atmosphere containing 5% CO 2 .
Compound Treatment and MTT assay: The cytotoxicity of the compound was evaluated by MTT assay using C6 and B16BL5 cells. Generally, the cells were seeded in a 96-well tissue culture plate at a density of 1 × 10 4 cells/well in 0.2 mL 1640 or DMEM medium containing 10% serum for 18 h, separately. The medium was replaced with 0.2 mL serum-free one containing 1% DMSO and serial dilutions of compound solutions for 24 h. Then, the solutions were replaced with 0.1 mL serum-free media containing 0.5 mg/mL MTT and incubated for another 4 h. Finally, each well was replaced with 0.1 mL DMSO and measured spectrophotometrically in an ELISA plate reader (Model 550, Bio-Rad) at a wavelength 570 nm. The relative cell growth (%) related to control cells cultured in media without compound was calculated by the formula below:
Results and Discussion
Sustainable and Practical Methodology
We designed phosphoric acid immobilized in glycerol as a catalytic system for aza-Friedel-Crafts reactions. The reaction was performed in the presence of 5 mol% phosphoric acid in sustainable biomass-derived solvent (glycerol), using benzoxazinone 1a and pyrrole 2a as substrates. The reaction was completed at room temperature under air atmosphere for 12 h, which was observed by TLC. The reaction mixture was extracted with a biomass-derived solvent (2-methyltetrahydrofuran), and 2-methyltetrahydrofuran was recovered by distillation to give the desired product 3a with simple workup and quantitative yield. The product 5a is confirmed by 1 H NMR, 13 C NMR and HRMS.
As summarized in Table 1 , we explored the efficiency and generality of our methodology to various substrates. We first investigated the effect of the substituents on the benzoxazinone 1 by examining their reactions with pyrrole (2a). The reaction works well with a range of trifluoromethyl benzoxazinones (1a-g), containing both electron-withdrawing groups (F, Cl and Br) and electron donating (Me) to provide the corresponding products (5b-g) in excellent yields, showing no sensitivity to electronic effects (entries 2-7, 93-97% yield; Table 1 ).
Next, we examined the reactions of trifluoromethyl benzoxazinone 1 with 2-phenylpyrrole (2b). In all cases, the corresponding pyrrolyl and trifluoromethyl dihydrobenzoxazinones (5h-l) were obtained in high yields (entries 8-12, 93-96% yield; Table 1 ). In addition, we found that 2-arylpyrroles (2c and 2d) bearing either an electron-withdrawing group (Cl) or electron-donating group (Me) were also well tolerated to give the desired products with satisfactory yields (entries 13-19, 92-97% yield; Table 1 ). 
Biological Activity Study
A variety of dihydrocoumarins is a class of pharmacologically important compounds and has frequently been found in natural sources, among which there are inhibitors of cancer [19] . The pyrrole structure is present in clinical trial drugs, such as Atorvastatin [20] . The trifluoromethylated target molecules have shown a great diversity of superior biological properties, mainly due to improved chemical and metabolic stability, lipophilicity, and the membrane permeability of the parent molecules [21] . Thus, dihydrobenzoxazinone derivatives with pyrrolyl and trifluoromethyl groups are interesting targets for medicinal chemistry research. We were intrigued by the possible potential biological activity of these pyrrolyl and trifluoromethyl dihydrobenzoxazinones, which may be considered as 4-aza dihydrocoumarins. To the best of our knowledge, efficient and sustainable synthesis of these molecules has only been rarely reported [22] , and no biological activity test is investigated.
Glioblastoma is one type of tumor with a high proliferative potential and poor prognosis [23] . The development of new treatment strategies is essential for the treatment of this disease. Malignant melanoma is the most dangerous form of skin cancer due to the rising incidence and lack of effective treatments [24] , and the search for novel melanoma-specific agents is urgently needed. Therefore, we evaluated the preliminary biological activity of our products as anti-glioma or anti-melanoma agents. The cytotoxicities of pyrrolyl and trifluoromethyl dihydrobenzoxazinones (5a-s) in glioma (C6) and melanoma (B16BL6) tumor cells were tested by using adriamycin as a positive control with the MTT assay. The results are summarized in Table 3 . Interestingly, these compounds showed different effectivities in inhibiting the proliferation of the tumor cells. Compounds 5a and 5e displayed high selectivity for inhibition of B16BL6 and C6, respectively. The antiproliferative activity against C6 and B16BL6 tumor cell lines of compounds (5m-p) was clearly increased when compared to adriamycin, and 5s showed similar cytotoxicity in both tumor cells to adriamycin. Compounds (5m-p) possess the same 2-(4-chlorophenyl) pyrrole scaffold structure which thus appears to be an important structural determinant for antiproliferative activity. Notably, compound 5n showed impressive cytotoxicity in both tumor cells with IC 50 values in the low micromolar range. The cell viability upon treatment with 5n at different concentration using adriamycin as a positive control is shown in Figure 1 . The results suggest that compound 5n is a promising lead compound for further design and synthesis of inhibitor of glioma and melanoma growth. 
Conclusions
A highly efficient and green atom economical aza-Friedel-Crafts reaction catalyzed by phosphoric acid immobilized in glycerol has been developed and shows high levels of technical efficiency. The features of this protocol are the following: glycerol is a cheap, safe and sustainable solvent; there is easy product separation and catalytic system recycling under mild conditions, and it provides a sustainable approach for preparation of pyrrolyl and trifluoromethyl dihydrobenzoxazinones with excellent yields; and it exhibits new optimality principles for economic efficiency. Significantly, the dihydrobenzoxazinone products exhibit impressive cytotoxicity against C6 and B16BL6 tumor cell lines, and product 5n is a promising lead compound for further design and synthesis of inhibitor of glioma and melanoma growth. 
A highly efficient and green atom economical aza-Friedel-Crafts reaction catalyzed by phosphoric acid immobilized in glycerol has been developed and shows high levels of technical efficiency. The features of this protocol are the following: glycerol is a cheap, safe and sustainable solvent; there is easy product separation and catalytic system recycling under mild conditions, and it provides a sustainable approach for preparation of pyrrolyl and trifluoromethyl dihydrobenzoxazinones with excellent yields; and it exhibits new optimality principles for economic efficiency. Significantly, the dihydrobenzoxazinone products exhibit impressive cytotoxicity against C6 and B16BL6 tumor cell lines, and product 5n is a promising lead compound for further design and synthesis of inhibitor of glioma and melanoma growth.
